This study investigates the behavior of blast wave by employing the finite volume method to solve the associated three-dimensional, time-dependent, inviscous flow Euler equations. The numerical results are shown to be in good agreement with the experimental results obtained from shock tube flow studies. The results also identify the complex phenomena of flow structures, pressure distributions, and different types of reflected waves for closed-ended and open-ended bomb shelters.
A Three-Dimensional Numerical Investigation into the
Interaction of Blast Waves with Bomb Shelters
Introduction
The physical phenomena associated with blast waves have been studied for more than half a century. In 1991, Ben-Dor (1) defined four principal forms of wave configuration associated with shock wave reflection in pseudo-steady flows, namely, regular reflection (RR), single-Mach reflection (SMR), transitional-Mach reflection (TMR), and double-Mach reflection (DMR). Igra et al. (2) conducted an experimental investigation of blast wave reflection and associated Eulerian equations of motion were solved numerically using the Godonuv-based, second-order weighted GRP (Generalized Riemann Problems) scheme. Many current researchers apply Computational Fluid Dynamics (CFD) methods to generate detailed scenario predictions with the accuracy required to support engineering decisions. Yngve et al. (3) employed an animation technique to investigate the disturbance effects and shock wave behaviors. Ben-Dor et al. (4) also applied a numerical method to the solution of these four reflected wave configurations in dust-gas suspensions. Kim and Lee (5) validated the accuracy of the finite volume Essentially Non-Oscillatory (ENO) shock-capturing scheme through the computation of the shock-sound interaction problem. Liang, Hsu, and Wang (6) simulated the interaction of an unsteady cylindrical blast wave with a flat plate. In solving the associated two-dimensional Euler/NavierStokes equations, a fifth-order weighted ENO scheme was employed for spatial discretization while the fourth-order Runge-Kutta method was adopted for time integration. Subsequently, Liang et al. (7) conducted a numerical investigation into the shock-vortex interactions induced by blast wave. Their results clearly demonstrated the existence of a shock-shock and shock-votex interaction containing both RR and SMR waves. This paper develops a numerical code which utilizes the Total Variation Diminishing (TVD) finite volume method with an inviscous scheme to solve the Euler conservation equations, and applies the spatial secondorder accuracy of Roe's scheme (8) to perform the spatial flux calculation. Section 2 presents the current physical model and develops the proposed numerical approach. Section 3 verifies the current numerical code by considering the flow field of a shock tube and then comparing the simulation results with those obtained experimentally. Section 4 presents the simulation results for the flow of a propagated blast wave around closed-ended and openended bomb shelters, and discusses the phenomena of blast wave propagation, interaction, and reflection around the bomb shelter and through its tunnel. Finally, Section 5 provides some brief conclusions.
Mathematical Formulation
As described in the following section, the present numerical code utilizes the cell-averaged finite volume method (9) - (14) .
1 Governing equations
The propagation and interaction of the shock waves are modeled using a 3-D, time-dependent, compressible approach. The inviscous flow is described in conservation form by the Euler equations. The dimensionless equations of mass, momentum, and energy can be expressed in Cartesian coordinates as:
where U and φ are conservation variable vectors, and V and S are the cell volume and cell surface area, respectively. Furthermore,
where F, G, and H are flux vectors. The conservation variable vector U, and the flux vectors F, G, and H are given by:
In Eq. (3), U, V and W are cell-averaged velocity values, ρ denotes the density, and u, v, and w are velocity vectors in the x-, y-, and z-direction, respectively. The equation of state is utilized during the solving process, which corresponds with the ideal gas rule, p = (γ − 1)ρe, where γ = 1.4. E is the total energy and is defined as:
2 Numerical method 1 Space discretization and time integration
In spatial discretization, the convection term is treated with Roe's upwind scheme. The upwind scheme has a natural dissipation property, based on characteristic theory, and has no artificial viscosity term to describe the physical phenomena (15) . The temporal integer is calculated using the explicit multi-step standard Runge-Kutta method combined with the Hancock predictor-corrector method (16) .
2 Initial and boundary conditions
The computational domains are specified as one half of the bomb shelter. In both simulations, the vertical center plane of the bomb shelter represents the axis of symmetry. Figure 1 presents a schematic illustration of the bomb shelter modeled in the present simulations and indicates the various boundary conditions applied. Initially, the pressure and temperature are assumed to be constants, and highpressure hemispherical sources are specified. The boundary pressure is determined by the high-order extrapolation method and is given by:
where subscripts 1, 2, and 3 denote the first, second, and third boundaries, respectively. Each boundary interface retains a virtual cell address and the flux computing method applied at this address is consistent with that used to compute the flux within the cell.
3 Grid system and multi-block treatment
A multi-block grid system and a cell stretching approach are adopted in the current unsteady calculation to prevent cell deformation and to minimize the computer memory requirements. Boundary parameters are established to control the flux computation between the interfaces of the blocks. The various geometric models and grids are produced using the ICEM/CFD mesh generator. The openended bomb shelter simulation involves a total of 120 
Verification of Numerical Code
The flow field of an axial-symmetry shock tube was simulated and compared with the experimental data provided by Schmidt et al. (17) and the simulation results of Cooke et al. (18) Initially, the shock tube was operated at an ambient temperature of 295 K and a pressure of 110 kPa. A shock property of M = 0.81 and a ratio of P e /P i = 3.42 is at the shock tube muzzle. The flow evolutions inside and outside the shock tube were calculated over a 1.5 ms time interval. Figure 3 shows a good agreement between the simulated and experimental results, which include the shock location, vortex structure, slipstream, Mach disk and the triple-point.
The presented overpressure time-history was recorded at two points located at angles of 0
• and 90
respectively, on a circle of radius 1.5 D from the muzzle center. In Fig. 4 (a) , the experimental and simulation results both reveal that the shocks reach the position of the 0
• angle pressure sensor after approximately 0.4 ms.
However, a difference is noted between the trends of the two sets of results after 1.25 ms, the influence of the strong shocks on the experimental pressure sensors (19) . Figure 4 (b) shows that the main shocks of the current numerical study and the corresponding experimental data occur at approximately the same point of time.
Results and Discussion

1 Basic study in the sensitivity of pressure
For comparing the wave structures and sensitivity of the pressure during the blast wave propagating from different denoting intensity, three cases of two-dimensional compressible flow were studied in this paper. The initial conditions are listed in Table 1 and the pressure recording locations are shown in Fig. 5 . The pressure contours of three cases at 40 ms and 80 ms are presented in Fig. 6 . Due to the strength of initial detonation in the source region, the speed and intensity of shock wave are different for each case considered. For example, the original blast wave arrives at about 20 ms and causes a reflected wave from ground at 40 ms in shelter in Case 3; however, the moving distances of blast waves in other two cases are shorter than the above one. At 80 ms, the reflected waves propagate outward the shelter in all cases. Naturally, the speed is faster in the higher strength of denoting source, Fig. 4 Comparison of simulation (18) and experimental results (17) for pressure time-histories at a position of: (a) 0
• and (b) 90
• at a distance of 1.5 D st measured from the exit of the shock tube Table 1 Initial conditions of the simulations with the bomb shelter In the initial stages following the detonation, the pressure and temperature conditions were specified to be 50 atm and 2 980 K, respectively, and the blast wave propagated spherically through the surrounding ambient air of pressure 1 atm and temperature 298 K.
2. 1 Case 1:
Closed-ended bomb shelter a. Development of flow structure Figure 8 illustrates the transient pressure contours of the three-dimensional shock wave around the closedended bomb shelter. It is noted that the a-series images represent the development of the pressure contours in the X-Y plane at a short distance above ground level (y = 0.01 m). Meanwhile, the b-series images are in the vertical Y-Z plane located at the center of the bomb shelter (x = 0). In both series, the first image presents the shock wave at an elapsed time of 26.5 ms, at which point the blast wave makes impact with bomb shelter wall. The subsequent frames in each series are separated by a constant time interval of 27.5 ms.
The blast wave (which is treated as an incident shock wave) impacts the base of the sidewall at approximately 7 ms and generates the reflected shock waves shown in Fig. 8 (a1) and 8 (b1) . The regular reflection (RR) transits to the Mach reflection (MR) following flow propagation. Figure 8 (b1) shows the blast wave (i), the reflected shock waves (r), the triple point (T), and the Mach stem (m). At 54 ms, Fig. 8 (a2) and 8 (b2) indicate that the reflected waves follow the blast wave and that the low-pressure area expands away from the central plane. The consolidation phenomenon is clearly observed in the area where the reflected waves interact with the blast wave, and expansion is noted at the upper corner of the bomb shelter. As shown in Fig. 8 (a3) and 8 (b3) , at 81.5 ms, the den- sity of the gases near the center of the bomb shelter wall reduces. This phenomenon is accompanied by a gradual increase in pressure as the region is replenished by the inflow of surrounding air. Additionally, a complex interaction of consolidation and reflection is noted in front of the bomb shelter area. At 109 ms, the flow propagates along the radial direction and the pressure increases at the central plane as a result of interactions between the various waves and the surroundings (Figs. 8 (a4) and 8 (b4)). It is also observed that the reflected waves form a tube shape shock in front of the shelter.
b. Flow phenomena near corner of bomb shelter
In considering the complete development of the blast wave, it is the initial phase of the flow field which is the most significant. Therefore, the transient flow field is investigated at various snapshots within the initial period, separated by a constant time interval of 5 ms. The frames presented in Fig. 9 provide a view of the pressure contours (left side panel) and the velocity vectors (right side panel) located near the corner of the bomb shelter at four instants within the initial period following detonation.
At 29 ms, the spherical blast wave passes over the corner of the bomb shelter and interacts with the reflected waves. A high-pressure region, which is caused by this interaction and by the stagnation of the wall, is formed initially at the corner and then expands rapidly outward, as shown in Fig. 9 (a) . Meanwhile, a counter flow travels toward the bomb shelter as the surroundings supply air to the region of negative pressure. As shown in Fig. 9 (b) , at 34 ms, the pressure and velocity of the blast and reflected waves decrease as the flow propagates. The high-pressure region moves away from the corner, pulling a low-pressure region behind it. Regarding the velocity vectors, a rapid backflow squeezes the retarding flow near the central wall area and moves it along the wall to the corner, where it then rapidly expands. At 39 ms, the high pressure region is pushed away from the bomb shelter by the flow from the central area and the peak pressure of the reflected waves decreases following the intensity dissipation of the flow, as shown in Fig. 9 (c) . Meanwhile, the counter flow expands and sweeps over the corner, forming a negative pressure zone. An additional backflow area moves along the wall of the bomb shelter. Furthermore, a distinct curve is observed in Fig. 9 (c) , which indicates the formation of a counter flow behind the reflected waves. This counter flow is caused by the suction effect after the shock has passed. In Fig. 9 (d) , it can be seen that the reflected waves gradually move away from the corner of the bomb shelter and that both the pressure and velocity vectors reduce as a result. At the corner, the counter flow travels toward to the central area along the shelter. Meanwhile, the velocity behind the reflected waves and around the original explosive source reduces to virtually zero.
2. 2 Case 2:
Open-ended bomb shelter a. Development of flow structure Under the same initial and boundary conditions as the previous closed-ended case, the flow fields around the bomb shelter and in its tunnel were simulated for the openended case. The time sequence and orientation of the images presented in Fig. 10 correspond to those described in Fig. 12 . In Fig. 10 (a1) and 10 (b1) , the blast wave propagates spherically and causes a negative-pressure flow to follow behind it. The blast wave impacts the wall of the bomb shelter at approximately 20.5 ms, also shown in Fig. 12 (a) , and generates the first reflected waves. As shown in Fig. 10 (a2) and 10 (b2) , at approximately 54 ms, the interactive phenomena are observed between the first reflected waves with the blast wave and with the expand- ing waves in front of the bomb shelter, entrance as the blast wave continues to propagate with a completely spherical shape. Meanwhile, the flow separates as the reflected shock waves move away from the wall. In the tunnel, it is observed that the reflected shock waves transit from regular reflection to Mach reflection, as shown in Fig. 12 (b2) . These reflected waves impact each other on the central symmetric plane and consolidate with the blast wave near the wall region, as observed in Fig. 10 (a2) . Furthermore, the second reflected waves are formed as the first reflected waves impact the wall. As shown in Fig. 10 (a3) , at 81.5 ms, the blast wave traveling through the tunnel pushes the precursor forward and out of the rear end of the bomb shelter. It is also observed that the negativepressure region moves behind the consolidated region in the center of the shelter (Fig. 10 (a3) ). The second reflected shock waves impact the top and base of the sidewall to form the third reflected shock waves. Simultaneously, the second reflected shock waves transit from RR to MR, as shown in Fig. 10 (b3) . Once out of the tunnel, the second reflected waves move rapidly outwards, pushing and interacting with the former reflected waves to form a tube-shaped shock structure. At 109 ms, the negativepressure region is located between the first and second reflected waves near the exit and it can be seen that the third reflected spherical shock waves propagate into and out of the tunnel simultaneously. Furthermore, the second and third reflected waves partially interact and merge with each other near the top and base of the side wall, as shown in Fig. 10 (a4) and 10 (b4). At 136.5 ms (Fig. 10 (a5) and 10 (b5)), the fourth reflected waves, generated from the ground and symmetric planes, generate a high pressure and the shocks impact and combine in the forward direction. Outside of the tunnel, the original tube-shaped wave is pushed out and propagated away from the bomb shelter. Meanwhile, the third reflected waves burst outward from the exit of the shelter to form a further tube-shaped shock. It is noted that the waves are oscillatory since they are inducted in the tunnel. b. Pressure time-history in tunnel Figure 11 shows the locations, at the central crosssectional plane, employed for recording the transient pressure variations in the tunnel of the open-ended bomb shelter. A series of pressure time history frames in three cross sections are presented in Fig. 12 for the period of 0 to 170 ms with 0.5 ms interval and on. We can observe the pressure trace shown in Fig. 11 as indicated previously. In Fig. 12 (a) , the primary blast wave reaches the lowest position (Y = 1.16 m) at 8.5 ms, and takes a total of 20.5 ms to arrive at the highest recording point (Y = 8.12 m). At the highest recording point position, the pressure increases suddenly to a peak value at approximately 50 ms due to the effects of the reflected shock generated at the top of the tunnel wall. It is clearly shown that the suction effect causes a reduction in the pressure at each of the recording positions once the blast wave has passed. The trend of the pressure time history at the lowest signal recorded point differs from above discussed previously, as shown in Fig. 12 (b) . At 38 ms, the reflected waves impact near this location, and the interaction between the incoming wave and these reflected shocks causes the pressure to increase sharply at around 63 ms. The pressure time histories associated with the other three signal recording points at this location reflect the effects of reflection and interaction between the shocks and the wall, the reflected wave, and the ground. In Fig. 12 (c) , the precursor shock arrives at the bomb shelter exit at approximately 75 ms and the trajectories of the pressure distributions are similar to those identified at Z = 5 m. The initial peaks are caused by the blast wave, while the others are generated by reflected shock waves originating from the ground or from the top wall. For example, the pressure peaks at 98 ms and 131.5 ms identified at Y = 1.16 m are caused by the first and third reflected waves. In summary, the highest peaks of pressure along the tunnel occur at the lowest vertical positions at each horizontal location since the first reflected waves impact on the ground and then travel through the tunnel at ground level. The pressure distributions at the different recording points are oscillatory as a result of wave reflection and consolidation.
Conclusions
The principal conclusions of this study can be summarized as follows:
( 1 ) Unsteady shock can be captured accurately using the finite volume scheme proposed in this study.
( 2 ) The results have demonstrated the capability of numerical simulation to identify the interactive phenomena of spherical blast and shock waves in the closed-and open-ended bomb shelter cases, and to identify the associated oscillation, reflection, dissipation, separation, and consolidation phenomena.
( 3 ) It has been shown that the geometries of the blast and reflected shock wave patterns transit from RR to MR in both cases under an unsteady situation.
( 4 ) The interactions among of the blast wave and wall, ground, and other reflected shocks have been presented by a series of pressure contours and pressure timehistory figures.
